To determine whether the neuroprotection elicited from electrical stimulation of the cerebellar fasti gial nucleus (FN) is attributable to the elevation in re gional cerebral blood flow (rCBF), we compared the ef fects in spontaneously hypertensive rats of stimulation of the rostral ventrolateral medulla (RVL) or FN on (a) a focal ischemic lesion produced by middle cerebral artery (MCA) occlusion, and (b) the changes in rCBF, measured by laser-Doppler flowmetry for 1.5 h, over regions cor responding to the ischemic core (parietal cortex), penum bra (occipital cortex), and nonischemic area (contralater al parietal cortex). Stimulation of FN for I h following MCA occlusion reduced infarction 24 h later by 52%. Stimulation of RVL was ineffective. Changes in the lesion were confined to the penumbra. FN and RVL stimulation
Electrical stimulation of the cerebellar fastigial nucleus (FN) in rat reduces, by over 50%, the vol ume of the focal ischemic infarction produced by occlusion of the middle cerebral artery (MCA) (Reis et aI., 1989; Berger et aI. , 1990; Reis et aI. , 1991; Zhang and Iadecola, 1992) . Since electrical stimu lation of FN increases regional cerebral blood flow (rCBF) but not glucose utilization (rCGU) (Nakai et aI., 1983) in the cerebral cortex, it has been pro posed (Reis et aI. , 1991) , but not proved, that neu ronal protection results from increased rCBF. We comparably and significantly increased rCBF up to 185% in unlesioned animals. Following MCA occlusion, stimu lation of FN or RVL and hypercarbia failed to elevate rCBF in the ischemic area but did so in the nonischemic area, even though in the same animals only FN stimula tion reduced infarction 24 h later. We conclude that (a) the neuroprotection elicited from FN is not the result of an increase in rCBF but results from another mechanism, possibly reduction of metabolism in penumbra, and (b) the pathways mediating central neurogenic vasodilation and neuroprotection are, in part, distinct. Key Words: Fastigial nucleus-Rostral ventrolateral reticular nu cleus-rCBF-Focal cerebral ischemia-Neuroprotec tion.
tested the hypothesis by examining, first, whether elevation of rCBF by electrical stimulation of an other brain region elevating rCBF but not rCGU [the rostroventrolateral reticular nucleus of the me dulla oblongata (RVL) (Underwood et aI., 1992) ] also reduced the volume of the ischemic infarction; second, we studied whether stimulation of FN and RVL can, in fact, elevate rCBF in the ischemic cor tex after MCA occlusion. Our results indicate that the neuroprotection elicited from FN does not re late to changes in rCBF.
MATERIALS AND METHODS
The methods have been detailed elsewhere Reis et ai., 1991) . In summary, adult male spontaneously hypertensive rats (SHRs), continuously anesthetized with halothane (1.8-2.5% in 100% 02)' were placed in a stereotaxic apparatus; SHRs were used be cause of between-and within-group reproducibility of le sion size. Femoral arteries and veins were cannulated to record arterial pressure (AP) or sample blood for pH, Pao2, Paco2, glucose, and hematocrit (Hct). Body tem perature was maintained at 37°C. Monopolar stimulating electrodes were stereotaxically placed in vasopressor sites in FN or RVL. The MCA was then exposed and cauterized distal to the lenticulostriatal branches (Tamura et aI., 1981; Reis et aI., 1991) .
The FN or RVL was stimulated for 1 h (1 s on-l s off; 0.5-ms pulse duration; 50 Hz at five times the stimulus current needed to elevate AP by 10 mm Hg; 70-100 f.LA) while maintaining AP within autoregulated range for rCBF in SHRs (80-175 mm Hg) (Dirnagl and Pulsinelli, 1990) by simultaneously withdrawing blood (Nakai et aI., 1982) . Sham-treated controls were not stimulated. Cere bral cortical rCBF was measured sequentially by laser Doppler flowmetry (LDF) through three holes drilled in calvarium. These holes were located over the areas of the 3), while those in stimulated ani mals are depicted with closed cir cles (FN, n = 4; RVL, n = 6). Each data pOint is expressed as mean ± SO; 'p < 0.05. Note that stimulation of FN, but not RVL, reduces the area of infarction predominantly in the posterior half of the hemi sphere. B: Representative coronal sections of rat brain are shown ap proximately 10 mm (left) and 4 mm (right) rostral to the interaural line in rats with MCA lesions alone (dark and light stipple) or MCA oc clusion associated with FN stimu lation (dark stipple). The area with light stipple, therefore, represents the salvaged retrievable zone (RZ) while the dark area is the irretriev able zone (IZ). Since the distribu tion of RZ and IZ was reproducible between animals, it was possible to place LDF probes selectively and reproducibly over these areas with reference to their representation on the cortical su rface usi ng ste reotaxic methods to measure rCBF. The sites of probe placement are indicated as dots over the IZ rostrally and RZ. The stereotaxic coordinates for IZ were 10 mm ros tral to interaural line, 5 mm lateral to the bregma; for RZ, they were 4 mm rostral to the interaural line, 4.5 mm lateral to the bregma (CPu, caudate-putamen; FL, forelimb area of cortex; GICx, granular cor tex; OCx, occipital cortex; PCx, pa rietal cortex; TCx, temporal cor tex). 10 cortex corresponding to (a) the area of the focal ischemic infarction salvaged by the FN stimulation, i.e., the re trievable zone (RZ) (Reis et aI., 1991) ; (b) the area of the infarction not salvaged, i.e., the irretrievable zone (IZ); and (c) as a control, the homologue of the IZ in the non ischemic contralateral hemisphere (NZ). The flow probe was sequentially rotated between each site, measuring flow for 10 s and then being rapidly moved to the next station. The process was repeated over 90 min, the dura tion of the experiment.
A.
After treatment wounds were closed and covered with topical anesthetic, catheters were capped, anesthesia was discontinued, and animals were returned to their cages. Twenty-four hours later, they were reanesthetized with halothane and decapitated. The brain was removed, fro zen, serially sectioned (20 f.Lm slices) every 200 f.Lm, and stained with thionine. Cross-sectional areas were mea- sured with computer assistance, and infarct volumes were calculated. Electrode sites were identified. Data were expressed as mean ± SD. The group differences were analyzed using analysis of variance (ANOV A). Dif ferences were considered significant at p < 0.05.
RESULTS
Blood gases, glucose, Hct, and AP did not vary between groups (ANOV A, Neuman-Keuls test) and were within normal limits for anesthetized rat ventilated with 100% O2, Values were as follows (n = 40): Pao2, 431.6 ± 80. 2 mm Hg; Paco2, 45.0 ± 5.7 mm Hg; pH, 7.409 ± 0. 035; glucose, 151. 5 ± 40. 6 mg/dl; Hct, 47. 8 ± 2. 5%; AP, 134 ± 2 mm Hg. However, in the RVL-stimulated group, AP in creased from 134 ± 4 to 153 ± 6 mm Hg (p < 0.01; n = 6), which was still within autoregulated range of SHRs.
Occlusion of the MCA in sham-stimulated rats produced ischemic infarctions whose distribution ( Fig. 1) and volumes (Table 1) were comparable with those previously reported (Reis et aI. , 1991; Yamamoto et aI., 1992) . At the level of maximum damage, the lesion extended through all layers of the cerebral cortex, extending dorsally into the pri mary motor area, ventrally to the pyriform cortex, and medially to the lateral edge of the caudate putamen (Fig. 1) . In the rostrocaudal axis, the le sion involved large portions of the parietal, insular, temporal, and occipital cortices.
Stimulation of FN for 1 h reduced infarct volume by 51. 5% (Fig. 1) , in agreement with findings in previous studies (Reis et aI. , 1989; Berger et aI. , 1990; Reis et aI., 1991) . The distribution of the sal vaged RZ was predominantly contained within the caudal half of the infarction (Fig. 1) , an area corre sponding to the ischemic penumbra (Nedergaard et aI., 1986) . In contrast, stimulation of RVL did not change the size or distribution of ischemic injury (Fig. 1) .
In rats without MCA occlusion, stimulation of FN or RVL for 1 h increased rCBF in all three areas (Fig. 2) . In the cortical area corresponding to IZ and its contralateral homologue in MCA-occluded ani mals, stimulation increased rCBF 1.6-2-fold; rCBF peaked at 10 min and then gradually declined, but it did not reach control levels until several minutes after termination of the stimulus (Fig. 2) . In the cor tical area that corresponds to the RZ of the infarc tion in MCA-occluded animals, the increase of rCBF was significantly less (p < 0.05) than in the cortical area of irreversible damage or its contralateral con trol area in rats with MCA occlusion (Table 2) .
Following unilateral occlusion of the MCA, rCBF was markedly reduced (p < 0.0001) in the ipsilateral hemisphere with the reduction significantly greater (p < 0.01) in IZ (to 31.2 ± 17.3% of control) than in RZ (to 46.9 ± 12. 1%) ( Table 2) . rCBF was un changed in the contralateral hemisphere. The size of the lesion in these animals did not significantly differ from that of animals in which rCBF was not measured.
Electrical stimulation of FN or RVL or hypercar bia failed to change rCBF in RZ or IZ after MCA occlusion but elicited the usual dilation in the con tralateral hemisphere (Table 2) . As before, stimula tion of FN, but not RVL, reduced infarct volume (Table 1) . In three rats, hypercarbia was induced by ventilation with 25% CO2-75% O2 for 60 min, ele vating Paco2 (from 49. 9 ± 1.8 to 84.4 ± 7. 7 mm Hg; p < 0. 001), lowering pH (from 7.38 ± 0.00 to 7.22 ± 0.02; p < 0.05), but not changing Pao2 (444 ± 35.4 mm Hg). Hypercarbia increased rCBF in controls but not in the ischemic hemisphere (Table 2 ). In agreement with previous data (Maiese et aI., 1992) , hypercarbia failed to modify infarct size (Table 1) . Values are means ± SO; study I. reBF not measured; study 2, rCBF measured. a p < 0.05 compared with sham stimulation (study 1) or MeA occlusion alone (study 2). Each area was stimulated at 50 Hz, 1 s on-1 s off, with stimulus currents five times the threshold for a vasopressor response (i.e., the minimal current required to elevate AP by 10 mm Hg). Each value represents a mean ± SO. The in crease in rCBF by FN or RVL stimulation was statistically significant; p < 0.001; AN OVA with covariance of time; 'p < 0.05.
DISCUSSION
The present study demonstrates again (Reis et aI., 1989; Berger et aI., 1990; Reis et aI., 1991; Zhang and ladecola, 1992 ) that electrical stimula tion of FN reduces, by half, the ischemic infarction produced by MCA occlusion. The area of salvage, the RZ, lies within the watershed areas of collateral flow and, as noted, corresponds to the ischemic penumbra (Nedergaard et aI., 1986) , the region of hypermetabolism and partially reduced flow sur rounding the ischemic core; this region can be par tially salvaged by pharmacological treatment with several classes of drugs, notably N-methyl-D aspartate (NMDA) receptor antagonists and Ca 2+ channel blockers (Germano et aI., 1987; Maiese et aI., 1992; Wahlestedt et aI., 1993) . In contrast, stim ulation of the RVL, a brainstem region that, when stimulated, comparably elevates cortical rCBF but not rCGU (Underwood et aI., 1992) , does not re duce lesion volume. The failure of RVL stimulation to protect against focal ischemia cannot be attrib uted to physiological variables or to failure of the stimulus since stimulation of RVL, like FN, ele vated rCBF to comparable levels in undamaged cor tex.
Additionally, stimulation of FN and RVL, while comparably elevating rCBF bilaterally within the parietal cortices in nonlesioned animals, did not el evate rCBF from its reduced levels anywhere in the ipsilateral cortex after occlusion of the MCA even though FN stimulation reduced lesion size in the same animals. The lack of reactivity of rCBF to electrical stimulation of FN or RVL after MCA oc clusion might result from interruption of ascending vasodilator pathways within the ischemic cortex and/or local accumulation of vasodilator products of ischemia including H +, K + , and other metabo lites. These products might maximally dilate mi crovessels and/or reduce vascular reactivity and are probably reflected in the failure, noted here and by others (Waltz, 1970; Symon et aI., 1971; Yamaguchi et ai., 1971; Seki et ai., 1984; Jones et ai., 1989) , of hypercarbia to increase rCBF within ischemic brain. Values are mean ± SD of rCBF as a percentage of the basal level. a p < 0.05 versus respective control (ANOV A with covariance of time).
There are three general implications of this study. First, it indicates that the reduction in focal isch emic infarction produced by electrical stimulation is not the result of elevation of rCBF, a conclusion supported by the observations that stimuli elevating rCBF, such as hypercapnia (Hossmann, 1982; Maiese et aI., 1992) and hypertension (Michenfelder and Milde, 1977; Fenske et aI. , 1978; Maiese et aI., 1992; Yamamoto et aI., 1992) , are also not protec tive. The mechanisms accounting for neuroprotec tion, therefore, remain unknown. Conceivably, neuroprotection might relate to a selective action of FN stimulation to reduce local metabolism, neuro nal excitability, and/or appropriate ion channel function, possibilities presently being investigated.
Second, since the RVL is critical for the cerebro vascular vasodilation elicited from FN (Chida et aI., 1990) , and since RVL can replicate the pattern of vasodilation as well as other autonomic responses elicited from FN yet cannot reproduce the neuronal protection, it is possible that the central neural pathways and/or cellular mechanisms mediating the cerebrovascular vasodilation and neuroprotection are, in part, separately represented in brain.
Third, the study indicates that the brain contains neuronal systems with the capacity to protect it from ischemic and, most probably, hypoxic injury. The neural substrates and functional relevance of such a central neural neuroprotective network have yet to be revealed.
